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Abstract. Despite intensive research on midlatitude cyclones
since the mid-twentieth century, open questions on their
structure and development remain, like the question of their
core temperature. Few studies have addressed what the pro-
portion of cold-core and warm-core cyclones in midlatitudes
is, but it is not clear yet if occluded cyclones are cold-core or
warm-core cyclones and how different the processes leading
to cold-core and warm-core cyclones are. To address these
questions, a new cyclone phase space, denoted as ETC-CPS
and adapted to extratropical cyclones, is developed by intro-
ducing three parameters: the core temperature, the thermal
asymmetry and the baroclinic conversion rate. Differences
with existing cyclone phase spaces are detailed by analyz-
ing two consecutive storms in the North Atlantic, one end-
ing with a warm seclusion and another with an occlusion.
ETC-CPS is then applied to all midlatitude cyclones of the
Northern Hemisphere (NH) tracked during winter and sum-
mer using ERA5 reanalysis.

The results highlight that most of midlatitude NH cyclones
are asymmetric warm-core cyclones. At the time of maxi-
mum intensity, the fraction of cyclones with a cold core tem-
perature in the lower troposphere fluctuates around 10 %–
15 % depending on the season while that of warm core cy-
clones is around 85 %–90 %. It indicates that, in addition to
warm-seclusion cyclones, most occluded cyclones also have
a warm core. Both cold-core and warm-core cyclones un-
dergo a well-marked baroclinic growth phase before reach-
ing their maximum intensity but their vertical structure dif-
fers during that phase. Warm-core cyclones exhibit a clear
vertical westward tilt of the geopotential height anomaly
contours as in the classical picture of a developing baro-
clinic unstable mode. In contrast, cold-core cyclones have

a funnel-like vertical structure with the anomalous geopo-
tential height field leaning more westward than eastward,
which makes them also grow baroclinically but with a non-
standard baroclinic structure. Differences between seasons
are also noticeable. During winter, cold-core cyclones have
much weaker intensity than warm-core cyclones and prefer-
entially develop over continental regions whereas warm-core
cyclones develop over the oceanic storm tracks. During sum-
mer, both types of cyclones preferentially develop over the
oceanic storm tracks and have similar intensities.

1 Introduction

Extratropical cyclones are low atmospheric pressure systems
that mainly live outside of the tropics (i.e. beyond 30° N or
30° S) and induce large variations in day-to-day weather in
those regions (Ulbrich et al., 2009). The most intense events
generate strong devastating surface winds (Fink et al., 2009)
and heavy precipitations (Catto et al., 2012). Since they rep-
resent a risk for populations and ecosystems crossing their
paths, it is important to study them and to improve their fore-
casts in order to reduce this risk. Additionally, as extratropi-
cal cyclones have an impact on climate by transporting heat
and moisture poleward (Peixoto and Oort, 1992), it is also
important to study their links with larger atmospheric circula-
tions or even with other Earth system’s components. Finally,
as extratropical cyclones are associated to strong winds and
precipitations, their impacts on populations, infrastructures
or ecosystems can be heavy. Risk assessment for these phe-
nomena is crucial, especially as their structure and intensity
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are likely to be modified by climate change (Priestley and
Catto, 2022).

In the Northern Hemisphere, there is a wide variety of ex-
tratropical cyclones depending on their localization: North
Pacific cyclones, North Atlantic cyclones, Arctic cyclones,
Mediterranean cyclones, continental cyclones, etc. Most ex-
tratropical cyclones differ from tropical cyclones which are
also atmospheric low pressure systems but smaller in size
and driven by different physical processes. Tropical cy-
clones have an axisymmetric structure and exhibit a well-
defined warm core that extends throughout the troposphere
(Emanuel, 2003). Some extratropical cyclones do exhibit be-
haviors similar to tropical cyclones like polar lows, medi-
canes or Kona lows but their number is limited (Emanuel et
al., 2025). The more usual synoptic-scale extratropical cy-
clones exhibit an asymmetric structure characterized by the
presence of warm and cold fronts (Dacre et al., 2012) and
do not have a systematic well-defined core temperature. The
term “core temperature” here refers to a temperature differ-
ence in the lower troposphere between the core of the cy-
clone (e.g., close to the sea level pressure minimum) and its
surroundings.

The question of the proportion of cold-core and warm-core
cyclones in the extratropics is rather unclear. In the midlati-
tudes, we usually separate cyclones into two categories de-
pending on how the different stages of their life cycle fit
within the two well-known cyclone models, namely the Nor-
wegian cyclone model (Bjerknes and Solberg, 1922) and the
Shapiro and Keyser (1990)’s cyclone model (Schultz et al.,
1998; Catto, 2016). The Norwegian cyclone model termi-
nates its life cycle with an occlusion, that is when the cold
and warm fronts merge to form a single so-called occluded
front. The Shapiro and Keyser (1990)’s cyclone model ter-
minates its life cycle with a warm seclusion during which
the warm front evolves towards a bent-back warm front that
isolates the warm air mass near the cyclone center. The lat-
ter model is an example of a warm-core cyclone while the
core temperature of the former model is a priori not known
and may vary from case to case. Hart (2003) concluded that
“cold-core occluded cyclones are the most frequently occur-
ring” and that extratropical cyclones have a cold core dur-
ing most of their life cycle (see e.g., their Fig. 9). However,
Gray et al. (2024) studied warm seclusions in the midlati-
tudes and observed that the proportion of warm seclusions,
thus of warm-core cyclones, varies between 40 % and 80 %
depending on the intensity percentile. They concluded that a
“warm core is typical of midlatitude cyclones” and that the
most intense midlatitude cyclones are mainly warm cores.
General processes leading to warm-core and cold-core cy-
clones have been examined in two real midlatitude cyclone
cases by Azad and Sorteberg (2009) but, to our knowledge,
such a question has not been addressed from a statistical per-
spective in midlatitudes.

The core temperature question for extratropical cyclones
was rather mainly tackled by the Arctic cyclones’ research

community because cold-core cyclones are common in the
Arctic, especially in summer, and can last long (sometimes
several weeks) with a barotropic structure, having thus var-
ious impacts including on sea ice melting (Aizawa and
Tanaka, 2016; Croad et al., 2023b; Rivière et al., 2024). Ap-
plying the cyclone phase space (CPS) diagram of Hart (2003)
to Arctic cyclones, Wang et al. (2024) found a majority of
cold-core cyclones. However, by using a slightly different
CPS with only one core temperature parameter located in
the middle troposphere, Croad et al. (2023a, b) found that
1/3 of the summer Arctic cyclones are cold-core and upper-
level dominant ones and 2/3 are warm-core and lower-level
dominant ones. Apart from the warm seclusion studies, core
temperature statistics in the extratropics are therefore rather
unclear and mainly unexplored in midlatitudes.

The focus of the paper is on midlatitude cyclones and in-
vestigation of Arctic cyclones is left for a future study. The
main questions addressed are the following:

– What is the total proportion of cold-core and warm-core
cyclones in midlatitudes?

– Are occluded cyclones cold-core or warm-core cy-
clones?

– What are the main characteristics of cold-core and
warm-core cyclones?

– How different are the main processes leading to the for-
mation of cold-core and warm-core cyclones?

To address those questions, we introduce a new CPS that
is well adapted to study extratropical cyclones. Hart (2003)’s
CPS is particularly adapted to study extratropical transitions,
i.e. the process by which a tropical cyclone turns into an ex-
tratropical cyclone, as the object goes from a symmetric cy-
clone with a deep warm core to an asymmetric cyclone with
a less well defined core temperature. However, as will be
shown in this study, the computation of the core temperature
in Hart (2003)’s CPS is not accurate for strongly asymmetric
cyclone and a refined diagnostic is needed for extratropical
cyclones studies. Additionally, since baroclinic instability is
the most important type of fluid dynamics instability in the
genesis and intensification of extratropical cyclones (Char-
ney, 1947; Eady, 1949; Lindzen and Farrell, 1980), it is im-
portant to introduce a cyclone parameter related to baroclinic
growth. The two baroclinic conversion rates, which respec-
tively transfer potential energy from the mean flow to the
cyclone and potential energy of the cyclone to kinetic en-
ergy of the cyclone (Simmons and Hoskins, 1978; Cai and
Mak, 1990) are both good candidates. Baroclinic conversion
rates have already been used as proxies of baroclinic interac-
tion intensity along the cyclones’ tracks (Rivière et al., 2015;
Schemm and Rivière, 2019) but not presented as a function
of other cyclones’ parameters. In the present paper, such a
parameter will be introduced in the new CPS.
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After presenting the reanalysis data and the cyclone track-
ing algorithm, the new CPS adapted to extratropical cyclones
studies inspired from Hart (2003)’s CPS is introduced in
Sect. 2. Section 3 is dedicated to the results themselves.
The newly adapted CPS is illustrated with two cyclones,
one fitting with the Shapiro–Keyser cyclone model and the
other with the Norwegian cyclone model. Then, statistical re-
sults in the CPS are presented by distinguishing wintertime
and summertime midlatitude cyclones and warm- and cold-
core subsets. These results are summarized and discussed in
Sect. 4.

2 Data and methods

2.1 Data

This study uses the ERA5 reanalysis dataset of the European
Center for Medium-range Weather Forecast (ECMWF) from
1979 to 2024 (Hersbach et al., 2020). The starting date is cho-
sen in order to avoid less reliable reanalyses before satellites.
The horizontal grid resolution is 0.25°. In addition to sur-
face variables, we used data at the 1000, 900, 850, 750, 600,
450 and 300 hPa pressure levels. Unless otherwise stated, 3-
hourly data are used for the tracking of the cyclones and 6-
hourly data for the fields analyzed. This difference is justified
by the fact that the tracking is more accurate with 3-hourly
data but that some fields are only available every 6 h.

2.2 Methods

2.2.1 Tracking algorithm

In the present study, we used the recently developed Tem-
pestExtremes framework (Ullrich and Zarzycki, 2017; Ull-
rich et al., 2021) that provides an intuitive and versatile com-
mand line interface dedicated to atmospheric features track-
ing. Tracking algorithms typically consist of two steps. The
first one aims at detecting candidate points at any given time.
The second step links these candidates together to build the
actual tracks. It is known as the stitching step. For the par-
ticular case of extratropical cyclones, it is well known that
the number of detected tracks is sensitive to the tracking al-
gorithm used (e.g., Neu et al., 2013; Pinto et al., 2005), the
choice and calibration of which must thus be made with care.
In the literature, two fields are commonly used to detect can-
didate points, namely the mean Sea Level Pressure (SLP)
(e.g., Serreze et al., 1993) or the relative vorticity field at
850 hPa (e.g., Hodges, 1995). When using the SLP, the raw
field does not need any spatial filtering since it is sensitive
to synoptic-scale and planetary-scale circulation systems. In
contrast, vorticity is more adapted to detect smaller-scales
structures and needs a filtering step before being used, as it
would otherwise be prone to multiple candidate point detec-
tions inside a unique cyclone, especially along fronts.

In this paper, we used SLP for the candidate detection step.
This choice was driven by the fact we study large structures
and we also wanted to avoid any kind of filtering. Candi-
date points are defined as locations where the SLP is a local
minimum and where there exists a closed contour character-
ized by a SLP larger by at least 100 Pa than the minimum
and located within a 6° great-circle distance1. In addition,
candidates located closer to one another than 4° are merged;
only the one with the smallest SLP is kept. This merging step
is done in order to avoid the detection of secondary smaller
cyclones inside a larger one. For the stitching step, consec-
utive candidates (i.e. separated by 1 timestep – or 3 h) are
linked together if they are spatially separated by less than 4°.
Small or stationary tracks are filtered out if their lifetime is
shorter than 24 h or their length smaller than 8°. Likewise, to
remove orographic features, we keep only tracks that spend
at least 30 h (10 timesteps) above a surface pressure higher
than 900 hPa. The algorithm was carefully calibrated to rep-
resent well-identified individual cyclones tracks by taking the
example of the tracks observed during the THINICE field
campaign (Rivière et al., 2024).

There is no commonly agreed definition of midlatitude cy-
clones. Here, we restrict our analysis to cyclones whose gen-
esis locations lie in the latitude band 30–60° N. The south-
ern limit is chosen to avoid tropical cyclone detections. The
northern limit aims at excluding cyclones that originate in
the Arctic. In the remainder of this paper, we call midlatitude
cyclones the population of cyclones so obtained.

2.2.2 An adapted cyclone phase space

Core temperature

The core temperature of a cyclone is hereafter defined as the
difference between the temperature at the core of the cyclone
and the temperature at its surroundings:

DTL= TC− TB, (1)

where TC (K) is the temperature at the center of the cyclone
and TB (K) is the mean temperature along a circle centered
on the cyclone center at a radius of 5° (∼ 500 km). This ra-
dius value was chosen to be in agreement with the two main
studies using CPS, i.e. Hart (2003) and Croad et al. (2023a).
Sensitivity tests were made with radii up to 10° and did not
show any major differences in the results (Fig. S1a in the
Supplement). DTL is hereafter estimated at 750 hPa. It is to
be noted that other pressure levels could be taken and there is
sensitivity associated to that choice (Fig. S1b). For example,
in Croad et al. (2023a), the diagnostic is made in the mid-
dle troposphere. In this work, 750 hPa level is chosen in or-
der to make a fair comparison with Hart (2003)’s parameters
and because we were interested in a lower-level diagnostic.
When DTL is positive, the cyclone has a lower-level warm

1All the distances measured in degrees are great-circle distance.
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core and, conversely, when it is negative, the cyclone has a
lower-level cold core. It is instructive to write DTL in terms
of geopotential height Z using hydrostatic balance:

DTL=
g

R

∂ (ZB−ZC)

∂ lnp
, (2)

where g and R are respectively the gravitational acceleration
(m s−2) and the specific gas constant of the air (J K−1 kg−1).
The vertical derivative can be estimated using finite differ-
ences of the geopotential height between 600 and 900 hPa.
Analogously to the temperature, ZC and ZB stand respec-
tively for the geopotential heights (m) at the cyclone center
and averaged along a 5°-radius circle centered on the cyclone
center.

Hart (2003) defined the parameter−VTL as follows to es-
timate the core temperature:

−VTL=
∂ (ZMAX−ZMIN)

∂ lnp

∣∣∣∣600 hPa

900 hPa
, (3)

where the minimum and maximum of Z (denoted as ZMIN
and ZMAX respectively) are taken within a radius of 500 km.
The vertical bar in Eq. (3) denotes a linear regression be-
tween 600 and 900 hPa. As we will see in the next section,
the difference between the two parameters −VTL and DTL
can be large for extratropical cyclones.

Croad et al. (2023a), inspired by Hart (2003)’s work, built
for their CPS another parameter called ROT , the thermal
Rossby number, that is dimensionless and computed using
the vertical derivative of the relative vorticity. They show that
their parameter is closely proportional to TC−TB, so to DTL,
but the diagnostic is made in the middle of the troposphere
while the DTL diagnostic is applied at low levels (typically
750 hPa).

Thermal asymmetry

The thermal asymmetry of a cyclone is hereafter defined as:

BK =
〈
T750 hPa

〉
R−

〈
T750 hPa

〉
L, (4)

where the subscript L indicates the sector left of the current
motion and the subscript R the sector right of the current mo-
tion and

〈 〉
R and

〈 〉
L denote areal averages over a semi-circle

of radius 5° (∼ 500 km) respectively to the right and left sides
of the cyclone motion. BK vanishes for a perfectly symmetric
thermal structure. In contrast, cyclone frontal structures with
a warm sector to the right of the direction of motion result in
positive values and, conversely, a warm sector to the left of
the direction of motion leads to negative BK values. BK can
also be negative, especially at the end of the life cycle of ex-
tratropical cyclones during the rolling up of the fronts around
the cyclone center. Using both hydrostatic balance and finite
differences, BK can also be written as:

BK '−
g

R1 lnp(〈
Z600 hPa−Z900 hPa

〉
R−

〈
Z600 hPa−Z900 hPa

〉
L

)
, (5)

where 1 lnp = lnp600 hPa− lnp900 hPa.
Hart (2003) defined the thermal asymmetry as:

B =
〈
Z600 hPa−Z900 hPa

〉
R−

〈
Z600 hPa−Z900 hPa

〉
L (6)

The two parameters BK and B are proportional to each other
but we prefer to use BK to express the thermal asymmetry in
Kelvin, as is DTL.

Baroclinic conversion rate and related parameters

As mentioned in the introduction, the baroclinic instability
is a key driver of extratropical cyclones genesis and growth.
Quantifying its importance during the life cycle of cyclones
is commonly done using the so-called Baroclinic Conversion
rate (hereafter referred to as BC, in m2 s−3) which measures
the conversion from the mean flow available potential energy
to the eddy potential energy (Peixoto and Oort, 1992; Rivière
and Joly, 2006b). To compute BC for any given cyclone, one
needs to separate the flow between a background flow and a
perturbation. Usually this is made using time filtering (Riv-
ière and Joly, 2006a; Schemm and Rivière, 2019), the back-
ground flow corresponding to the low-frequency part and the
perturbation to the high-frequency part. To keep the CPS pa-
rameters as simple as possible and to stay as close as possi-
ble to the tracking algorithm outputs, our strategy is to define
the background flow with a spatial average made around the
cyclone. More precisely the background flow is defined as
follows:

u=
〈
u
〉

v =
〈
v
〉

T (x)=
〈
T
〉
+
〈
∇T

〉
· (x− xC) ,

(7)

where
〈 〉

denotes a surface average over a circle of radius 10°
(∼ 1000 km) whose center is the cyclone center. u= (u,v) is
the horizontal wind vector (m s−1), x is the position vector
(m) and xC is the position vector of the cyclone center (m).
The background flow definition is set to satisfy the thermal
wind balance. Indeed, because the geostrophic wind ug sat-
isfies the thermal wind balance:

∂ug

∂ lnp
=−

R

f
k∧∇T , (8)

where f is the Coriolis parameter (s−1), and because the
averaged wind over the circle is close to the averaged
geostrophic wind

(〈
ug
〉
'
〈
u
〉)

, one can write:

∂u

∂ lnp
'
∂
〈
ug
〉

∂ lnp
'−

〈
R

f
k∧∇T

〉
'−

R

fC
k∧

〈
∇T

〉
'−

R

fC
k∧∇T , (9)

fC being the value of f at the cyclone center. In other words,
the background flow has a constant horizontal temperature
gradient balanced by a constant vertical wind shear. Using
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that definition for the background flow, the perturbation of a
variableX will be denoted with primes such thatX=X+X′

for X={u,v,T }. More details on the computation of the
background flow in the stereographic projection of Tempes-
tExtremes are given in Appendix A.

Using these definitions for the perturbations, we recover
the usual form of BC in the eddy potential energy equation
(see Appendix B):

BC=−
θ ′

S

(
u′
· ∇θ

)
, (10)

where θ is the potential temperature (K) and S=− 1
h
∂〈θ〉
∂p

(K2 s2 m−2) the static stability in pressure coordinates, with

h= R
p

(
p
p0

)κ
(m3 kg−1 K−1). It is a source term in the equa-

tion governing the Eddy Total Energy (ETE, m2 s−2) defined
in Rivière and Joly (2006b) and Schemm and Rivière (2019)
as:

ETE= EKE+EPE=
[

1
2

(
u′2+ v′2

)]
+

[
1
2
θ ′2

S

]
. (11)

EKE and EPE are the Eddy Kinetic and Potential Energies.
It is thus relevant to normalize BC by ETE to obtain the
baroclinic growth rate σ =BC/ETE, which reduces also to
the product between the environmental baroclinicity (propor-
tional to the Eady Growth Rate) and the efficiency of the cy-
clone to extract the available potential energy from its envi-
ronment (Rivière and Joly, 2006b). We will use σ in addition
to BC and ETE when studying the energy life cycle of mid-
latitudes cyclones in the following.

All baroclinic parameters are defined in a 10°-radius circle
around the cyclone center (∼ 1000 km) and, unless otherwise
stated, they are averaged between 900 and 300 hPa.

The core temperature diagnostic DTL, the thermal asym-
metry BK and the baroclinic conversion rate BC form the
new CPS adapted to the study of extratropical cyclones and
is hereafter denoted as ETC-CPS.

3 Results

3.1 Case studies

The behavior of two midlatitudes North Atlantic cyclones in
Hart (2003)’s CPS and ETC-CPS is hereafter analyzed. They
are worth investigating because they evolved in the same
geographical area but had very different frontal structures.
One followed the Shapiro–Keyser model evolution (Cia-
rán, 30 October–8 November 2023) while the other resem-
bled more the Norwegian model (Domingos, 1–7 November
2023) as shown below.

3.1.1 Ciarán, a warm-seclusion cyclone

Storm Ciarán was initiated as a diabatic Rossby wave in the
western North Atlantic over the Gulf Stream (Volonté and

Riboldi, 2024) and then moved eastward along the Atlantic
stormtrack. It hit Western Europe during fall 2023 while
reaching a deep low SLP of 954 hPa (Fig. 1a). At the time it
reached its minimum SLP (Fig. 1b), the warm air mass of the
center was isolated from the warm sector while the cold front
is visible south of the cyclone but detached from the warm
front (see the temperature gradient in black contours). The
presence of the frontal fracture zone and the warm-air seclu-
sion is typical of a Shapiro–Keyser cyclone type. These char-
acteristics are consistent with the recent results of Volonté
and Riboldi (2024) and Gray and Volonté (2024).

Two CPS diagrams are presented for Ciarán: Hart (2003)’s
CPS based on B and −VTL (Fig. 1c) and the ETC-CPS
based on BK and DTL (Fig. 1d). Both B and BK start from
finite, positive values at the beginning of the storm life cy-
cle, and progressively evolve towards lower values until they
almost vanish. Such an evolution indicates that Ciarán starts
being asymmetric and gradually evolves towards a symmet-
ric structure. The relatively high values of BK (10 K) and B
(100 m) at the beginning of its life cycle can be explained by
the fact that Ciarán formed over the Gulf Stream in a region
of high baroclinicity. Later in the life cycle, the decreases
in BK and B are due to colder air moving southward rela-
tively to the cyclone center and warmer air simultaneously
approaching that center.

DTL is positive during Ciarán’s entire life cycle, decreas-
ing from an initial value of about 5 K to nearly 0 K (Fig. 1d).
Ciarán can thus be classified as a warm-core cyclone, a re-
sult confirmed by a visual inspection of the temperature at
18:00 UTC on 1 November 2023 (Fig. 1b), which clearly
shows that the core is warmer than its environment. Inter-
estingly, −VTL parameter (Fig. 1c) exhibits a different evo-
lution, transitioning from a negative value (−500 m), sugges-
tive of a cold core, to a nearly vanishing value, suggestive of
a near-neutral core. This is in striking contrast with the evolu-
tion of DTL during the storm life cycle and in disagreement
with its structure shown in Fig. 1b.

3.1.2 Domingos, an occluded Norwegian cyclone

Storm Domingos formed a few days after Ciarán in the same
area. However, in contrast with Ciarán, it developed through
a baroclinic interaction with a pre-existing upper-level trough
(not shown). Domingos then followed a track similar to Cia-
rán, moving eastward from the western North Atlantic and
hitting Europe with a deepening up to 960 hPa (Fig. 2a). The
ends of Ciarán and Domingos life cycles were very different
in terms of frontal structures. At the time it reached its min-
imum SLP, Domingos core structure did not show a coher-
ent isolated warm air mass (Fig. 2b), in contrast with Ciarán
(Fig. 1b). The cold front is well visible south of the cyclone
and connected to the warm front (see the temperature gradi-
ent in black contours). This connection and the fact that the
temperature gradient is weak around the cyclone center fits
the last stage of the Norwegian cyclone type.

https://doi.org/10.5194/wcd-7-805-2026 Weather Clim. Dynam., 7, 805–823, 2026
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Figure 1. Study of extratropical cyclone Ciarán (30 October–8 November 2023). (a) Ciarán’s track. Cyclone centers are tracked every 6 h.
The associated color represents the SLP of the center. Dashed edges highlight starting and ending points. The bold contour highlights the
time of the snapshot presented in panel (b). The same shading and edges are used in panels (c) and (d). (b) Snapshot of temperature field
at 18:00 UTC on 1 November 2023. Shading represents the temperature at 750 hPa. Grey contours show the SLP and the black contour
represents the temperature gradient value of 0.05 K km−1. The dashed blue circle is the 5°-radius circle on which TB is computed. Orange
(purple) marks indicate positions of ZMIN (ZMAX) at different pressure levels. (c) Ciarán’s trajectory in Hart (2003)’s CPS diagram B vs.
−VTL. (d) Ciarán’s trajectory in ETC-CPS diagram BK vs. DTL.

Despite these structural differences, the trajectories of
Domingos in both CPS diagrams are very similar to that
of Ciarán (compare Fig. 1c with Fig. 2c and Fig. 1d with
Fig. 2d). Both B and BK start large and positive before de-
creasing to nearly vanishing values. −VTL is initially nega-
tive before evolving towards small values while DTL starts
from positive values before also evolving towards small val-
ues. Near the time at which the central SLP reaches its min-
imum value, the value of DTL is smaller for Domingos
(around 0–2.5 K) than for Ciarán (around 2.5–5 K). This is
consistent with the presence of a coherent secluded air mass
in Ciarán (Fig. 1b) and a more diluted warm air mass around
the cyclone center in Domingos (Fig. 2b). To conclude, both
cyclones have a warm core temperature during their whole
life cycle.

3.1.3 Interpretation

Why are ETC-CPS and Hart (2003)’s CPS diagrams so dif-
ferent for both Ciarán and Domingos? As shown above, the
evolutions of B and BK in the two CPS diagrams are simi-
lar for the two storms but the ones of DTL and −VTL are
dramatically different, particularly during the early stage of
their life cycle, to the point that they have opposite signs in
their respective CPS diagrams. There are a priori two main
reasons that could explain why DTL and−VTL significantly
differ: (i) the positions where Z=ZMIN and Z=ZMAX are
not the same at every vertical level and the vertical deriva-
tives of ZMAX and ZMIN cannot be associated with a temper-
ature, (ii) if the positions where Z=ZMIN and Z=ZMAX at
the different levels are co-located, ZMAX is not necessarily
equal to ZB and/or ZMIN is not necessarily equal to ZC.

To better understand the cause of the large difference be-
tween DTL and −VTL for Ciarán and Domingos, we looked
at the positions of ZMAX and ZMIN at different levels be-
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Figure 2. Same as Fig. 1 but for Domingos extratropical cyclone (1–7 November 2023). The snapshot of temperature field on panel (b) is
made at 18:00 UTC on 3 November 2023.

tween 600 and 900 hPa. For both storms and for most of
the time during their life cycle, ZMIN is systematically lo-
cated very close to the SLP minimum and ZMAX is generally
found south of the cyclone center (see the positions where
Z=ZMIN and Z=ZMAX in orange and purple symbols re-
spectively in Figs. 1b and 2b). Therefore, reason (i) cannot
explain the discrepancies between DTL and −VTL for Cia-
rán and Domingos. Since ZMIN is found very close to the
cyclone center, we have ZMIN ' ZC but ZMAX is very differ-
ent from ZB. ZMAX is situated in a relatively warm region of
the 5°-radius circle, south of the storm center. This preferred
location is due to the fact that geopotential values (as well
as temperatures) tend to increase equatorward in the midlati-
tudes. For Ciarán, the location where Z=ZMAX even falls in
the warm front of the cyclones, exacerbating the warm tem-
perature at this location.

There is no guarantee that the picture revealed by the two
storms is not an exception. We therefore performed a sys-
tematic comparison between DTL and −VTL by tracking
all Northern Hemisphere midlatitude cyclones (Fig. S2). We
found that the cases of Ciarán and Domingos are not peculiar.
More precisely we obtained the following results: (i) BK and
B are correlated, (ii) differences between DTL and −VTL

can be very large and the two parameters can even have op-
posite signs, especially during the initiation stage of the cy-
clones, where DTL is generally positive and −VTL gener-
ally negative, and (iii) the higher BK (or B), the higher the
difference between DTL and −VTL. A large B (or BK) cor-
responds to a strong thermal and geopotential asymmetry so
that the point of maximum geopotential ZMAX is not rep-
resentative of the cyclone environment and differences be-
tween −VTL and DTL are large in that situation.

We conclude that −VTL is not an appropriate measure of
the core temperature with respect to that of the environment,
as opposed to DTL. This is because−VTL is more represen-
tative of the difference between the core temperature and the
warmest temperature in the vicinity of the cyclone, which is
likely to be negative, whereas DTL is representative of the
difference between the center and the average around a 5°-
radius circle.

3.2 General statistics on midlatitude cyclones

The tracking algorithm applied to all seasons from 1979 to
2024 leads to the detection of 42 243 midlatitude cyclones.
26.1 % of them (i.e 11 033 cyclones) have their genesis in
winter (December–January–February, DJF) and 22.7 % (i.e.
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9589 cyclones) have their genesis in summer (June–July–
August, JJA). Most of the upcoming results are separated be-
tween the two seasons DJF and JJA.

3.2.1 Track density maps

To validate the tracking algorithm calibration and our
methodology, this subsection displays seasonal track den-
sity maps of midlatitude cyclones and compares them with
the existing literature. In DJF (Fig. 3a), cyclones are mainly
found over the oceans in the North Atlantic and North Pa-
cific. These locations correspond to the well-known North-
ern Hemisphere “storm tracks” (Chang et al., 2002). The en-
trances of the two storm tracks are associated with strong
lower-level westerlies as shown by the high values of zonal
wind climatology at 300 hPa. It reflects high values of baro-
clinicity and the usual key role of baroclinic interaction in
those regions. Secondary spots of cyclone activity are also
visible and well known in the Mediterranean Sea (Flaounas
et al., 2022) and downstream of mountain ranges (Rockies,
Ural, Himalayas; see Schär, 2003).

In JJA (Fig. 3b), cyclones are again mainly located over the
North Atlantic and the North Pacific, highlighted as well by
the high upper-tropospheric zonal wind values, but they are
slightly less frequent and the track densities are more zon-
ally oriented than in DJF. The continental cyclone activity
becomes of equivalent importance as the oceanic one. The
Mediterranean Sea spot disappears.

There are thus important seasonal variations of the local-
ization of tracks with more oceanic than continental tracks in
winter and a more homogeneous spatial distribution in sum-
mer. These findings are consistent with previous studies on
extratropical cyclones (Hoskins and Hodges, 2002; Wernli
and Schwierz, 2006), the main difference being that we only
consider tracks initiated between 30 and 60° N which sup-
presses the representation of many Arctic cyclones in our
study. The consistency with existing literature confirms that
the tracking methodology is accurate.

3.2.2 ETC-CPS diagrams

Using the newly introduced ETC-CPS, we present in this
section a statistical analysis of all detected cyclones in win-
ter and summer. Figure 4 shows the 2D density distribution
functions (black contours) of midlatitude cyclones in a BK
vs. DTL diagram, at the time they reach their maximum in-
tensity (i.e minimum value of the SLP) during DJF and JJA.
Most cyclones are asymmetric and have warm cores during
both seasons (see the large densities on the upper-right quad-
rants in black contours). In addition, the lower the minimum
SLP, the higher DTL (see shading). This is also true for both
seasons but the amplitude spread is larger in winter. Hence,
the most intense cyclones have very pronounced warm cores
whatever the season.

3.3 Warm- and cold-core midlatitude cyclones

In this subsection, two subsets of midlatitude cyclones are
further studied: warm-core cyclones, for which DTL is posi-
tive at the time they reach their maximum intensity, and cold-
core cyclones, for which DTL is negative at the time they
reach their maximum intensity. Seasonal variations are also
analyzed, therefore four subsets are built: warm cores DJF
(91 % of all winter cyclones), cold cores DJF (9 % of all win-
ter cyclones), warm cores JJA (85 % of all summer cyclones)
and cold cores JJA (15 % of all summer cyclones). As these
subsets are defined with the value of DTL at a specific time,
it is possible that the core temperature of the cyclones of each
category changes during their life cycle. Composite tracks in
the CPS (Fig. 5) show that warm-core cyclones stay in the
warm-core part of the CPS during a large part of their life
cycle. Cold-core cyclones are more characterized by a tran-
sient excursion in the cold-core half when they reach their
maximum intensity. In this case, DTL is usually slightly pos-
itive before the time the cyclone reaches its minimum SLP
value and stays negative thereafter, consistent with Fig. S3.
Using the mean DTL value along the track or changing the
radius over which DTL is calculated to 10° do not signifi-
cantly affect the results.

3.3.1 Characteristics: localization, intensity, lifetime,
shape

Warm-core DJF cyclones (Fig. 6a) primarily belong to the
two oceanic storm tracks in the North Atlantic and North Pa-
cific (20 cyclones per year), which are characterized by high
values of 300 hPa zonal wind at their entrance. Secondary
track density maxima (with about 10 cyclones per year) are
also visible over continental regions, such as central North
America, Russia and China, as well as over the Mediter-
ranean Sea. Winter cold-core cyclones are mainly continental
(Fig. 6c). The highest track density regions are situated over
the Great Lakes of North America and downstream of Ural
mountains (2.4 cyclones per year). Three additional patches
(1.2 cyclones per year) are visible in the Mediterranean Sea,
in the western North Pacific near China and in the eastern
North Pacific.

During JJA, warm-core and cold-core cyclones follow
similar track density patterns to first order, contrarily to DJF
(Fig. 6b and d). For both types of cyclones, the highest fre-
quencies of occurrence are more zonally oriented and more
evenly distributed between oceanic and continental regions
in summer than in winter. The continental spots over north-
eastern America, Russia and China are relatively more ac-
tive than in DJF and reach frequencies similar to the oceanic
storm tracks. Regions with high-density cold-core cyclones
are roughly the same as those of warm-core cyclones albeit
with a slight northward shift for the former compared to the
latter, in particular in the oceanic regions. The Mediterranean
patch disappears for both types of cyclones.

Weather Clim. Dynam., 7, 805–823, 2026 https://doi.org/10.5194/wcd-7-805-2026



M. Besson et al.: A cyclone phase space dedicated to extratropical cyclones 813

Figure 3. Track density of midlatitude cyclones (shading) in (a) DJF and (b) JJA. The unit of the shading is the number of tracks per unit area
per year, unit area being defined as a 5°-radius spherical cap (∼ 106 km2). A track is counted only once if it goes inside the cap, whatever
the number of timesteps spent inside. The counts are divided by the number of years to have an annual rate. In contours is represented the
climatological seasonal zonal wind at 300 hPa (every 10 m s−1 for values above the bold contour only).

Figure 4. BK vs. DTL diagrams for (a) DJF and (b) JJA made with track points at the time of SLP minimum only. Shading indicates the
mean value of SLP in each small rectangle (hPa). Black contours indicate the density of points. Four regions are built with gray lines of
value 0. The percentages of data points in each region are indicated in the corners. Rectangles with less than 3 data points were removed for
visualization but not in the percentages.

Figure 5. Mean trajectories of different subsets in the BK vs. DTL
parameter space. Red track color indicates warm-core distributions
and blue track color cold-core ones. Opaque colors are associated
to DJF and transparent ones to JJA. The star is the time of minimum
SLP and the shading represents the lag with respect to that time.

Figure 7a shows the distribution of the minimum SLP
reached by the cyclones for the four subsets. In DJF, warm-
core cyclones are much more intense than cold-core cy-
clones: their median minimum SLP is lower by 14 hPa and
their distribution is skewed toward small SLP values. In JJA,
warm-core cyclones are less intense and cold-core cyclones
are more intense than in DJF. Both types of cyclones dis-
play the same intensity distribution in summer, centered on
998 hPa. Cyclones lifetimes are longer in JJA than in DJF
(Fig. 7b). The median duration is 0.5 to 1.25 d higher and
there is also a greater proportion of long tracks: tracks last-
ing more than a week represent 3 % of DJF tracks but 13 %
of JJA tracks. Differences in lifetime between warm-core and
cold-core cyclones are smaller than differences between sea-
sons. Warm-core tracks are slightly longer than cold-core
tracks in DJF but the ordering is reversed in JJA.

To highlight the cyclones structural differences, Fig. 8
shows a composite analysis at the time they reach their mini-
mum SLP for the four subsets and for various variables. The
first obvious result is that differences between warm-core
and cold-core cyclones are larger than differences between
seasons. The radial composites of temperature anomalies at
750 hPa (first row) show that warm-core cyclones exhibit a

https://doi.org/10.5194/wcd-7-805-2026 Weather Clim. Dynam., 7, 805–823, 2026



814 M. Besson et al.: A cyclone phase space dedicated to extratropical cyclones

Figure 6. Same as Fig. 3 but for (a, b) warm-core and (c, d) cold-core midlatitude cyclones in (a, c) DJF and (b, d) JJA.

Figure 7. (a) Probability density function of SLP minimum. Red color indicates warm-core distributions and blue color cold-core ones.
Opaque colors are associated to DJF and transparent ones to JJA. The dashed lines are the median values for each subset: warm cores
DJF= 985 hPa, cold cores DJF= 999 hPa, warm cores JJA= 997 hPa, cold cores JJA= 998 hPa. (b) Probability density function of lifetime.
The colors are the same as panel (a). The median values are: warm cores DJF= 2.25 d, cold cores DJF= 2 d, warm cores JJA= 2.75 d, cold
cores JJA= 3.25 d.

warm anomaly at the cyclone center and a cold anomaly to
the southwest in DJF (Fig. 8a) and to the northwest in JJA
(Fig. 8c). Such a feature is related to the westward tilt of
the geopotential height anomalies Z′ with height: Z′ indeed
decreases with height to the west of the surface cyclone but
increases with height near the center and to the east of the
cyclone (see Fig. 8i, j). On the contrary, for cold-core cy-
clones, temperature anomalies are negative over the whole
cyclone area. The coldest anomalies are found near the cy-
clones centers and their southwest flanks (Fig. 8b, d). This
is in agreement with the funnel-like shape of the geopoten-
tial anomalies of cold-core cyclones shown in Fig. 8k, l: Z′

indeed decreases with height over the whole cyclone area.
Consistent with the highly negative Z′ values at upper lev-
els in cold-core cyclones, the potential vorticity is high at
upper levels and greater than in warm-core cyclones (com-
pare Fig. 8i with Fig. 8k and Fig. 8j with Fig. 8l). A stronger
lower-level potential vorticity is also visible in warm-core
cyclones, both in DJF and JJA, suggesting a stronger dia-
batic heating in warm-core cyclones. Interestingly, although
the cold-core and warm-core separation is made at 750 hPa,
it holds over the largest part of the troposphere. Cold-core
cyclones exhibit cold temperature anomalies between 900
and 350 hPa, i.e. over almost the whole tropospheric column.

Warm anomalies are found but the are confined to the bound-
ary layer or in the stratosphere (see e.g., Fig. 8k). Warm-
core cyclones are characterized by warm anomalies over the
whole column with the largest anomalies near the surface
(Fig. 8i, j).

Cross sections also suggest marked differences between
the two categories of cyclones in terms of Eddy Kinetic
Energy (EKE). Although the geopotential height anomaly
minima of the warm-core and cold-core cyclones near the
surface are similar in JJA (Fig. 8j, l), the horizontal gra-
dients of geopotential height are much larger for cold-core
cyclones across the troposphere, indicating higher values of
the vertically averaged EKE for the latter cyclones. In DJF,
the geopotential height minima are lower and the geopoten-
tial height gradients are higher for warm-core cyclones than
cold-core cyclones in the lower troposphere but the opposite
happens in the upper troposphere (Fig. 8i, k).

Radial composites of the vertical velocity ω (second row
in Fig. 8) provide additional information on the differences
between cold-core and warm-core cyclones. For all cyclones,
an ascending zone is visible northeastward of the center and
a descending zone southwestward, respectively correspond-
ing to the warm conveyor belt (WCB) and the dry intru-
sion (DI) air masses. When comparing warm-core and cold-
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Figure 8. Radial (a–h) and vertical (i–l) composites of different subsets at SLP min time. Radial composites are made at 750 hPa. Vertical
composites are made on the cross section represented by the dashed purple line in panels (a)–(d). (a, e, i) DJF warm cores. (b, f, k) DJF
cold cores. (c, g, j) JJA warm cores. (d, h, l) JJA cold cores. In panels (a)–(d) and (i–l), shading represents the geopotential height anomaly
contours, the −40 m value being highlighted by a dotted black line, and red-blue contours represent the temperature anomaly in K. In pan-
els (e)–(h), shading represents the vertical velocity ω with 0.05 Pa s−1 contours, 0.05 and −0.05 Pa s−1 being highlighted by bold contours.
In panels (i)–(l), dashed green contours represent the potential vorticity (every 1 PVU starting at 1.5 PVU). See Appendix A for more details
on the computation of geopotential height and temperature anomalies.

core cyclones for a given season, the ascents associated with
WCB are stronger in warm-core cyclones (negative ω lower)
whereas the descents associated with DI are more intense
in cold-core cyclones (positive ω higher). Such a result is
not surprising as cold-core cyclones are dominated by upper-
level geopotential height anomalies (Fig. 8k, l) from which
DI descents start while warm-core cyclones are dominated
by lower-level geopotential height anomalies (Fig. 8i, j) from
which the WCB ascending motions start.

To summarize, warm-core cyclones are characterized by a
clear vertical westward tilt of the geopotential height anoma-
lies typical of unstable baroclinic waves (Holton, 2004) while
cold-core cyclones have a funnel-like vertical structure in
geopotential height anomalies. The latter structure suggests
that baroclinic conversion might not be strong in the latter cy-
clones. This hypothesis is investigated in the following sub-
section.
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3.3.2 Energetics

In Fig. 9, we show the seasonal 2D density distribution func-
tion in a DTL vs. BC parameter space, including all tracks
points for each cyclone. An alternative representation in a
BK vs. BC parameter space is also shown in Fig. S4. In both
seasons, almost 80 % of them have a positive BC (black con-
tours). The lifestage (shading) indicates that most cyclones
tend to begin their life cycle with large positive values of
DTL and BC and end their life cycle with values of DTL
and BC close to zero. There is a minority of cyclones start-
ing with near-zero and negative BC. These negative values
are found in the upper troposphere where the geopotential
height anomaly isolines are tilted eastward (not shown). The
contours indicate that the main pathway is however from
high and positive values of BC to lower ones and corre-
sponds to a typical baroclinic life cycle, during which the
baroclinic conversion peaks before the cyclone maximum in-
tensity and weakens afterwards. This is consistent with the
thermal asymmetry being positive during early stages of the
life cycle and close to zero at the end (Fig. S4) as baroclinic
systems show a well marked westward tilt with height of
geopotential height anomaly isolines which necessarily leads
to a warm temperature at low levels (Holton, 2004, see e.g.,
Fig 6.9). The CPS diagrams shown here thus reveal that a
large majority of midlatitude cyclones are driven by baro-
clinic processes but give no information about the distinction
between cold-core and warm-core cyclones.

Figure 10 shows the time evolution of various mean (i.e.
averaged over the different subsets) quantities along the
tracks. The analysis of these composites is focused on the
deepening of the cyclones, i.e. the part of the lagged com-
posite before they reach their minimum SLP represented as
lag 0 in the figure.

The lagged composites of SLP shown in Fig. 10a are con-
sistent with Fig. 7a: warm-core cyclones are more intense
than cold-core cyclones in DJF while they have the same
intensity in JJA. It is noticeable that 48 h before the SLP
reaches its minimum value, DJF warm-core cyclones already
stand out by their SLP value 10 hPa lower than that of the
other subsets. This can be explained by geographical and
seasonal differences in climatological SLP. Warm-core win-
ter cyclones deepen in particularly low-pressure regions, like
the well-marked wintertime Icelandic and Aleutian lows (see
tracks in Fig. 6a) while the other subsets develop in regions
with higher climatological pressure. During the deepening
phase, DJF warm-core cyclones additionally have a higher
deepening rate than others as they exhibit the steepest SLP
curve slope.

The vertically-averaged Eddy Total Energy (ETE) is an-
other metric of the intensity of the synoptic systems. Its mean
evolution is shown in Fig. 10b. All subsets have an ETE
peak around the time of minimum SLP. The absolute values
are 1.5–2 times higher in DJF than JJA. In DJF, warm-core
and cold-core cyclones have similar absolute values in the

beginning but the slope is steeper for warm-core cyclones
during the last 24 h before reaching the minimum SLP. It
is consistent with the steeper slope of SLP for warm-core
cyclones compared to cold-core cyclones in DJF (Fig. 10a)
and confirms that warm-core cyclones undergo a more explo-
sive growth than cold-core cyclones in winter. In JJA, ETE
of cold-core cyclones is larger than ETE of warm-core cy-
clones, but the slopes are similar for the two subsets, as are
the SLP slopes.

As the baroclinic conversion rate BC plays a key role in
the rate of change of ETE (see Appendix B), it is represented
in Fig. 10c. All subsets show a maximum of BC around 12 h
before the SLP min, which is in co-occurrence with the max-
imum ETE slope. In DJF, the BC of warm-core cyclones is
twice as large as the value of cold-core ones which is around
6× 10−4 m2 s−3. This is consistent with a higher ETE rate
of change and by extension a higher deepening of the DJF
warm-core cyclones subset. In JJA, the cold-core peak of BC
occurs slightly before the warm-core one but the two peaks
reach approximately the same value (5× 10−4 m2 s−3). BC
values explain thus well ETE slopes values at first order.
In JJA, cold-core and warm-core cyclones peaks of BC be-
ing similar is quite surprising regarding their very different
vertical structure (Fig. 8). The 3D structure of BC shown
in Fig. 11 provides an explanation for this apparent contra-
diction. Warm-core cyclones exhibit two positive peaks of
BC to the west and east of the cyclone center (Fig. 11a, b),
consistent with the well-marked westward tilt with height of
the geopotential height anomaly contours. The composite of
cold-core cyclones shows only one strong positive peak to
the west and a negative peak to the east but much smaller in
amplitude than the positive one, which is in agreement with
the funnel-like structure of the geopotential height anoma-
lies (Fig. 11c, d). The vertical tilt being more pronounced
on the westward side, it explains the difference in amplitude
between the two opposite-sign anomalies of BC in the cold-
core cyclone composite. It also explains why the averaged
BC is almost as large in cold-core cyclones as in warm-core
cyclones in summer.

Finally, the baroclinic growth rate σ , which scales the
baroclinic conversion with the eddy total energy, is shown
in Fig. 10d. It is also the product of the background baro-
clinicity and a dimensionless efficiency term that measures
the efficiency of the eddies to extract energy from the back-
ground flow (Rivière and Joly, 2006b). In DJF, warm-core
cyclones have a higher σ than cold-core cyclones, which is
not surprising because the baroclinicity on the western side
of the oceanic basins where warm-core cyclones evolve is
much larger than the baroclinicity in more continental re-
gions where cold-core cyclones evolve (Fig. 6a, c). It is con-
sistent with the DJF differences observed in BC between
warm-core and cold-core cyclones in Fig. 10c. In JJA, σ is
also higher in warm-core cyclones, which can be explained
both by the localization of their tracks – slightly closer to
high baroclinicity areas (Fig. 6b, d), and by their higher effi-
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Figure 9. DTL vs. BC diagrams for (a) DJF and (b) JJA. The diagrams are made with all track points. Shading indicates the mean lifestage
in each small square. Black contours indicate the density of points. Four regions are built with gray lines of value 0. The percentages of data
points in each region are indicated in the corners. Rectangles with less than 10 data points were removed for visualization but not in the
percentages.

Figure 10. Lagged composites of (a) SLP of the center, (b) mean ETE on a 10°-radius circle and on the layers between 900 and 300 hPa,
(c) mean BC on a 10°-radius circle and on the layers between 900 and 300 hPa, (d) mean σ on a 10°-radius circle and on the layers between
900 and 300 hPa. Red lines correspond to warm-core composites, blue to cold-core ones. Opaque lines correspond to DJF composites,
transparent to JJA ones.

ciency due to their more pronounced westward tilted vertical
structure (Fig. 11). The similar BC values between the two
JJA subsets (Fig. 10c) are explained by higher ETE values in
cold-core cyclones than in warm-core ones (Fig. 10b) despite
their smaller σ .

To conclude, both cold-core and warm-core cyclones
clearly show a pronounced baroclinic growth phase and a
peak of baroclinic conversion rate before reaching their max-
imum intensity, but cold-core cyclones evolve in smaller
baroclinicity and have a less clear westward-tilted vertical
structure.
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Figure 11. Radial (b, d) and vertical (a, c) composites of different subsets at SLP min −12 h. Vertical composites are made on the cross
section represented by the dashed purple line in panels (b) and (d). Radial snapshots are means between pressure levels 900 and 300 hPa,
represented by dashed purples lines in panels (a) and (c). (a, b) JJA warm cores. (c, d) JJA cold cores. In all panels, shading represents BC.
Levels are non-linear, the boundaries are: [−30,−25,−20,−15,−10,−8,−6,−4,−2,0,2,4,8,10,15,20,25,30]× 10−3 m2 s−3. Black
contours represent the geopotential anomaly contours, the −40 m value being highlighted by a dotted black line. See Appendix A for more
details on the computation of geopotential height anomaly.

4 Conclusions

In this study, we developed a new cyclone phase space
(ETC-CPS) adapted to extratropical cyclones. It keeps the
simplicity of Hart (2003)’s CPS but is well adapted to in-
vestigate all kinds of cyclones including non-axisymmetric
and vertically-tilted cyclones as commonly observed in ex-
tratropics. It involves three main parameters related to the
core temperature, the thermal asymmetry and the baroclinic
growth rate. Such a CPS has been introduced to address four
main questions listed in the introduction.

What is the proportion of cold-core and warm-core cy-
clones in midlatitudes? Most of the midlatitude cyclones
have warm cores. Warm-core cyclones frequencies fluctu-
ate between 85 % and 90 % and cold-core cyclones between
10 % and 15 %, depending on the seasons. The percentages
do not change much by changing the radius used to select
the environmental temperature in the newly introduced DTL
diagnostic (Fig. S1a). They are however dependent on the
pressure level chosen for the diagnostic so attention should
be paid to that choice (Fig. S1b). In addition, T is the sim-
plest variable to define DTL. θ , the potential temperature, or
θe, the equivalent potential temperature, could also be used
to define a different DTL. A DTL defined with θe displays

slightly higher values, as taking into account the humidity
strengthens the gradients, but the percentages of warm- and
cold-core cyclones as well as the general pattern of the ETC-
CPS do not significantly change (Fig. S5). Another important
result is that the deepest cyclones are warm-core cyclones
and their warm core is more pronounced at the early stage of
their life. This is in agreement with the findings of Gray et al.
(2024) but not with Hart (2003), whose diagram is showing a
majority of cold-core cyclones, but the diagnostic used in that
paper, denoted to as −VTL, is not appropriate to detect the
core temperature for baroclinic non-axisymmetric cyclones.
This is mainly explained by the large-scale flow properties
at midlatitudes where the highest geopotential value in the
vicinity of the cyclone is found on the equatorward side of
the cyclone where the temperature is the highest. In that case,
the environmental temperature in Hart (2003)’s diagnostic is
taken at a point of highest temperature but is not represen-
tative of the temperature surrounding the cyclone. Another
reason is that the temperature, which is proportional to the
vertical derivative of the geopotential at each grid point fol-
lowing hydrostatic balance, cannot be estimated by the ver-
tical derivative of the geopotential maximum since the max-
imum is not necessarily located at the same grid point for
non-axisymmetric cyclones.
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Are occluded cyclones cold-core or warm-core cyclones?
Although our analysis does not systematically separate be-
tween occluded and warm-seclusion cyclones, we analyzed
two cyclones representative of these two categories. As ex-
pected, the warm-seclusion cyclone has a well-defined warm
core but the occluded cyclone also has a warm core even
though less well marked. Since we show that deep cyclones
have generally warm cores, it is thus very unlikely to en-
counter a deep occluded cyclone with a cold core.

What are the main characteristics of cold-core and warm-
core cyclones? Both types of cyclones are characterized by
strong thermal asymmetry at the early stage of their life cycle
and more neutral thermal asymmetry at the later stage. Cold-
core cyclones reach their coldest core temperature at the later
stage of their life cycle and tend to have a slightly warm core
temperature at the early stage when they grow baroclinically.
In winter, warm-core cyclones are intense and develop over
oceanic storm tracks whereas cold-core cyclones are weaker
in intensity and develop more over continental regions. In
summer, warm-core and cold-core cyclones roughly have the
same intensity and develop in the same geographical areas,
mainly over the two oceanic storm tracks but also over some
continental regions.

How different are the main processes leading to the for-
mation of cold-core and warm-core cyclones? Both types of
cyclones undergo a well-marked baroclinic phase during the
main deepening phase leading to the SLP minimum. But their
vertical structures differ a lot during that phase. Warm-core
cyclones exhibit a clear vertical westward tilt of the geopo-
tential height anomaly contours as in the classical picture of a
developing synoptic disturbance or baroclinic unstable mode
(Holton, 2004, see e.g., Figs. 6.9 and 8.10). Cold-core cy-
clones have a funnel-like vertical structure in the anomalous
geopotential height field leaning more westward than east-
ward which makes them also grow baroclinically but with a
non-standard baroclinic structure. In winter, most cold-core
cyclones are initiated on the downstream side of mountain
ranges and their tracks are not necessarily close to regions
of high baroclinicity whereas warm-core cyclones mainly
form and deepen in regions of high baroclinicity. This differ-
ence largely explains why baroclinic conversion rate is much
greater for warm-core cyclones than cold-core ones in win-
ter. In contrast, in summer, track densities of the two cate-
gories of cyclones are closer to each other and they have sim-
ilar amplitude of baroclinic conversion rate, albeit somewhat
weaker for cold-core cyclones which evolve slightly further
north of the main baroclinicity region compared to warm-
core cyclones.

To our knowledge, the present study is the first one to sys-
tematically detect cold-core and warm-core cyclones in mid-
latitudes and detail their main differences. Several aspects
need to be further investigated in the future. It is not clear
yet why cold-core cyclones are closely related to mountain
ranges in winter and not so much in summer. Although we
do show that baroclinic growth is a key process of the main

deepening phase of both cyclones, other energetic aspects
need to be further analyzed, in particular diabatic generation
terms. Figure S6 shows the diabatic generation term in sum-
mer as a function of time, together with BC (see definitions in
Appendix B). The diabatic generation rate is smaller than the
baroclinic conversion rate for both summer subsets but we do
see even smaller values for cold-core cyclones than warm-
core cyclones. Such a result is consistent with weaker as-
cending motion in cold-core cyclones which probably leads
to less strong latent heating in their WCB. However, a de-
tailed energy budget would be required to further elucidate
why the deepening of warm- and cold-core cyclones can be
similar, as is particularly observed in summer. The differ-
ences in diabatic generation may rather depend on the in-
tensification rate, as shown in Christ et al. (2025), rather than
on the core temperature but this remains to be investigated.

Despite their smaller percentage of frequencies of oc-
currence, cold-core cyclones are most intriguing because
their structure do not seem consistent with the classic baro-
clinic growth models. Analyzing their development more
in detail would surely be of interest. In particular, they
might be linked to tropopause polar vortices (TPVs) that
are meso- to synoptic-scale tropopause coherent cyclonic
vortices frequently observed in polar regions (Cavallo and
Hakim, 2010). Our composites of cold-core cyclones exhibit
intense cyclonic vortices marked by high PV that resemble
TPVs. Since TPVs are known to have incursions in the mid-
latitudes where they may initiate midlatitude cyclogenesis
(Schäfler et al., 2018), it is likely that many cold-core cy-
clones are formed during baroclinic interaction with TPVs.

Another perspective would be to adopt a Lagrangian ap-
proach to study the differences between cold-core and warm-
core cyclones. Cold-core cyclones probably have a stronger
dry intrusion and a weaker warm conveyor belt following our
vertical velocity composites but this needs to be confirmed by
a proper Lagrangian analysis. Since the 3D structure of cold-
core cyclones is largely different from warm-core cyclones,
one can expect very different Lagrangian trajectories.

Cold-core cyclones are probably more frequent in the Arc-
tic than in midlatitudes as illustrated by many case studies
(Aizawa and Tanaka, 2016; Croad et al., 2023a; Rivière et
al., 2024) and the summertime statistical analysis of Croad
et al. (2023b). More statistical studies need to be done in
the future to investigate more deeply the processes involved
in Arctic cyclones during both summer and winter. Finally,
another outcome of the present study would be to analyze
cold-core and warm-core cyclones representation in climate
models. Our simple ETC-CPS diagrams offer an opportunity
to investigate these different cyclones in the models.

https://doi.org/10.5194/wcd-7-805-2026 Weather Clim. Dynam., 7, 805–823, 2026



820 M. Besson et al.: A cyclone phase space dedicated to extratropical cyclones

Appendix A: Anomaly computations

An example of the anomaly computation is given here with
T , it applies the same for Z. The anomaly of T is defined as:

T ′ = T − T (A1)
= T −

(〈
T
〉
+
〈
∇T

〉
· (x− xC)

)
(A2)

= T −
〈
T
〉
−


〈
∂T
∂x

〉
〈
∂T
∂y

〉
 ·(x− xC

y− yC

)
(A3)

The brackets stand for an azimuthal weighted mean on a 10°-
radius circle. (x,y) is a zonal-meridional basis defined on the
sphere. The subscript C refers to the center of the cyclone.

The coordinates x and y can be computed with longitude
λ and latitude φ as follows:{
x− xC = a cosφ (λ− λC)

y− yC = a (φ−φC)
(A4)

As for the derivatives, let us first express the derivatives
relative to (x,y) as a function of the derivatives relative to
(λ,φ):{

∂T
∂x
=

∂T
∂φ

∂φ
∂x
+
∂T
∂λ

∂λ
∂x
=

1
a cosφ

∂T
∂λ

∂T
∂y
=

∂T
∂φ

∂φ
∂y
+
∂T
∂λ

∂λ
∂y
=

1
a
∂T
∂φ

(A5)

The snapshots provided by TempestExtremes’ code are on
a plane corresponding to a stereographic projection around
a central point (λ0,φ0) (in our case (λC,φC)). We define the
Cartesian basis (X,Y ) oriented eastward and northward. The
derivatives of T with respect to the (λ,φ) basis can be ex-
pressed as follows:{

∂T
∂λ
=

∂T
∂X

∂X
∂λ
+
∂T
∂Y

∂Y
∂λ

∂T
∂φ
=

∂T
∂X

∂X
∂φ
+
∂T
∂Y

∂Y
∂φ

(A6)

The derivatives of X and Y relatively to λ and φ can be
computed with Ullrich et al. (2021)’s Appendix A formulas,
more precisely Eqs. (A2) and (A3). Note that there is a fac-
tor 2 missing in Eq. (A1) in the paper (but not in TempestEx-
tremes’ code): the correct formula isK = 2[1+sinφ sinφ0+

cosφ cosφ0 cos(λ− λ0)]
−1. With this, the following deriva-

tives can be analytically computed:{
∂X
∂λ
= cosφ ∂Y

∂φ
=

2cosφ(cosφ cosφ0+cos(λ−λ0)(1+sinφ sinφ0))

D2
∂Y
∂λ
=−cosφ ∂X

∂φ
=

2cosφ sin(λ−λ0)(sinφ0+sinφ)
D2

(A7)

with D= 1+ sin(φ)sin(φ0)+ cos(φ)cos(φ0)cos(λ− λ0).
If the output basis of TempestExtremes’ snapshot is

(X,Y ), the computation of the derivatives of T is simple. In
our case, the output is in a radial basis (r,ϑ) so the deriva-
tives are computed by a projection from this basis (r,ϑ) on
the basis (X,Y ):

∇T =
∂T

∂X
eX+

∂T

∂Y
eY =

∂T

∂r
er+

1
r

∂T

∂ϑ
eϑ (A8)

With geometrical considerations, we have: eX= cosϑer−
sinϑeϑ and eY= sinϑer+ cosϑeϑ , so we can write:

∂T
∂X
=∇T · eX =

∂T
∂r

cosϑ − 1
r
∂T
∂ϑ

sinϑ

∂T

∂Y
=∇T · eY =

∂T

∂r
sinϑ +

1
r

∂T

∂ϑ
cosϑ

(A9)

To sum up, to compute the derivatives of T with respect to
(x,y), we first compute the derivatives of T with respect to
(r,ϑ) and then use Eqs. (A6), (A7) and (A9).

Appendix B: Eddy energy budget

To keep the decomposition between the background flow and
the synoptic eddies as simple as possible, the background
winds are defined as the areal averages of the winds over
a circle centered at the cyclone center and a radius of 10°.
Since we want the background flow to satisfy the geostrophic
and thermal wind balances, the background geopotential and
temperature should have uniform horizontal gradients inside
the circle. This is the reason why different spatial operators
are applied to define the background winds and the back-
ground temperature and geopotential. Accordingly, the areal
average over the circle, denoted as

〈
x
〉
, is applied to the mo-

mentum equation to get the Eddy Kinetic Energy (EKE)
equation and the operator x=

〈
x
〉
+
〈
∇x
〉
·x = is applied to the

thermodynamical equation to get the Eddy Potential Energy
(EPE) equation. Primes and seconds define the following op-
erators: x′= x−

〈
x
〉

and x′′= x− x = x−
〈
x
〉
−
〈
∇x
〉
· x.

B1 EKE budget

The eddy kinetic energy budget is derived from the following
momentum equation:

∂u

∂t
=−u3 · ∇3u− f k×u−∇φ+F, (B1)

where F denote frictional processes, ∇3 is the three-
dimensional gradient operator, ∇ is the horizontal gradient
operator, u3 is the three-dimensional wind velocity and u is
the horizontal wind velocity. By applying

〈 〉
to Eq. (B1), one

gets:

∂
〈
u
〉

∂t
=−

〈
u3 · ∇3u

〉
−
〈
f k×u

〉
−
〈
∇φ

〉
+
〈
F
〉

(B2)

By subtracting Eq. (B2) to Eq. (B1), it gives:

∂u′

∂t
= −u3 · ∇3u+

〈
u3 · ∇3u

〉
− f k×u+

〈
f k×u

〉
−∇φ+

〈
∇φ

〉
+F−

〈
F
〉

= −
(
u3 · ∇3u−

〈
u3 · ∇3u

〉)
−
(
f k×u−

〈
f k×u

〉)
−
(
∇φ−∇

(〈
φ
〉
+
〈
∇φ

〉
· x
))
+
(
F−

〈
F
〉)

'−(u3 · ∇3u)
′
− f k×u′

−∇φ′′+F′

(B3)
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By multiplying it by u′, one gets:

∂EKE
∂t
=
∂

∂t

(
1
2
u′2
)
=−u′

· (u3 · ∇3u)
′
−u′
· ∇φ′′+u′

·F′ (B4)

The first term is an advection term, then comes a pressure
work term – which includes the so-called baroclinic conver-
sion rate from eddy potential energy to eddy kinetic energy
(or also called internal baroclinic conversion rate) – and fi-
nally a friction term similar to the decomposition based on
time filtering (Schemm and Rivière, 2019).

B2 EPE budget

The eddy potential energy budget is derived from the ther-
modynamical equation:

∂θ

∂t
=−u3 · ∇3θ +Q, (B5)

where θ is potential temperature and Q the diabatic heating
rate. By applying the overbar operator to the previous equa-
tion, one gets:

∂θ

∂t
=−(u3 · ∇3θ)+Q (B6)

The subtraction of Eq. (B6) to Eq. (B5) gives:

∂θ ′′

∂t
=−(u3 · ∇3θ)

′′
+Q′′ (B7)

By multiplying it by θ ′′/S, one gets:

∂EPE
∂t
=
∂

∂t

(
1
2
θ ′′2

S

)
=−

θ ′′

S
(u · ∇θ)′′+

θ ′′Q′′

S
, (B8)

where S=− 1
h
∂〈θ〉
∂p

(K2 s2 m−2) is the static stability in pres-

sure coordinates, with h= R
p

(
p
p0

)κ
(m3 kg−1 K−1).

The advection term (first term) can be decomposed:

−
θ ′′

S
(u3 · ∇3θ)

′′
=−

θ ′′

S

(
u3 · ∇3θ −u3 · ∇3θ

)
= −

θ ′′

S

(
u3 · ∇3

(
θ ′′+ θ

))
+
θ ′′

S
u3 · ∇3θ

= −
θ ′′

S

(
u3 · ∇3θ

′′
)
−
θ ′′

S

(
u3 · ∇3θ

)
+
θ ′′

S
u3 · ∇3θ

= −∇ · (u EPE)−
1
S

∂

∂p

(
ω
θ ′′2

2

)
−
θ ′′

S

(
u′
· ∇θ

)
−
θ ′′ω′

S

∂θ

∂p

−
θ ′′

S

(〈
u3
〉
· ∇3θ −u3 · ∇3θ

)

(B9)

The first two terms on the r.h.s. of the equation correspond
to the three-dimensional advection of EPE, the third term

to the baroclinic conversion rate from background potential
energy to eddy potential energy (also called external baro-
clinic conversion rate and denoted BC in the whole paper),
the fourth term to minus the internal baroclinic conversion
rate from eddy potential energy to eddy kinetic energy and
the last one is a residual term. Here again, the eddy poten-
tial energy equation is similar to that based on time filtering
(Schemm and Rivière, 2019).

When adding the eddy potential energy and eddy kinetic
energy equations to get the eddy total energy equation, the
internal baroclinic conversion rate disappears and the exter-
nal baroclinic conversion rate BC=− θ

′′

S

(
u′
· ∇θ

)
remains

and is the main source of growth for baroclinic disturbances
together with the diabatic generation term DG= θ ′′Q′′

S
. For

simplicity purposes, θ ′′ is replaced by θ ′ and the geopoten-
tial height anomaly Z′′ by Z′ in the main text.
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